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Abstract 
The CO2-neutral self-supply of heat and electric energy is an important objective for new and existing buildings in the future 
[1, 2]. Therefor the energy autonomous house (EAH) as a new concept for single-family buildings in central Europe is presented. 
It represents a further development of the solar and efficiency house concepts based on full self-sufficiency in thermal (partly 
provided by a fireplace) and electrical energy (100 %). Two occupied houses have been built in Germany and they are under an 
extensive scientific monitoring with real user behavior since 2014. This contribution is focused on thermal energy balances and 
the differences due to different user behavior and the influence of weather conditions. The evaluated solar fraction was fsol, th 
  71.4 % and fsol, el   91.8 % for both houses in 2014. So far the 100% autonomy in electricity could not be reached due to the 
unusual low irradiation in Jan. and Dec. 2014 (-24 % / -37 % compared to long term values). Nevertheless the planned low 
electricity consumption of ~ 2000 kWh/year could nearly be achieved, whereby a self-consumption rate of electric energy gains 
of   31.8 % were assumed. Further findings of 1 ½ years of monitoring of the two EAH are presented within the paper. 
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1. Introduction 
By 2021 in the European Union the nearly zero-energy building-standard (NZEB) will be obligatory for all new 
buildings [3]. Therefore a combination of activities is required with reduction of the primary energy consumption by 
min. 20 % and an increased integration of renewables. Further an improvement of the energy efficiency of buildings 
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and their evolution to new integrated building concepts with solar systems is necessary [2]. Actually the final energy 
consumption of all households in Germany shows in general that the main consumption is in the heating sector (hot 
water, space heating) by more than 84 % (for 2013) [4]. In comparison in the EU (2011) the final energy 
consumption of the needs in heating and cooling was > 40 % of the total energy supply, but only 14 % were 
contributed by the renewables [5]. Therefore it has to be mentioned that heating, ventilation and air-conditioning 
systems (HVAC) are the main energy consumers in buildings [6]. Thus there exists a big potential first for energy 
saving through increase of system efficiency and second for including renewables. 
To reach the European goals in building standard, new concepts have to be developed. Due to advanced materials 
and heating technologies lots of new low energy building concepts were established in the past 20 years. In literature 
about more than 50 different names are searchable for low energy buildings in the german-speaking countries. One 
advanced single family house concept was developed by combination of the solar house and efficiency house plus 
concepts called “energy autonomous house” for a fully self-sufficiency in thermal (partly provided by fireplace, 25 
kW) and electrical energy [1]. The naming “energy autonomous” refers to the house operating without fossil fuels 
and without purchase of electricity from the grid. Therefore the demand in thermal and electrical energy was reduced 
and the energy supply for the houses was planned with solar thermal and photovoltaics as the renewables with 
integration of storages, see section 2.1. Actually two houses with different user behavior are monitored (see section 
2.2), first to proof the self-sufficiency under realistic conditions and second to find possible trouble spots which 
could be improved. This paper focusses on the thermal balances during the evaluation period. 
 
Nomenclature 
fSol solar fraction / level of autarky   / -   
G irradiation / global radiation  / kWh/m² 
DD Degree days    / Kd   [22] 
HD heating days    / d 
OH office house 
Q amount of heat per time   /kWh per time  
SC self-consumption rate of the energy yields 
SFH single family house 
t, T Temperature / Temperaturedifference /°C /K 
UR utilization ratio of solar energy 
 
coll Index for collector (e.g. plane of collector) 
el Index for electric / electricity 
m Index for mean (averaged) 
th Index for thermal 
2. State of the art 
Actually solar systems like solar thermal and photovoltaic collectors are common for new and renovated 
buildings. Nevertheless for energy efficiency buildings the height of the demand in thermal and electrical energy is 
the main important characteristic parameter, which should be as low as possible to be energy efficient without 
having any restrictions for the residents. So the necessary dimensions of house technique for energy supply (heating 
and electricity) can be optimized and mostly also reduced.   
The passive house standard is well known for passive design and the reduction of the thermal energy demand [7]. 
The total number of built passive houses can’t be found but it can be assumed that there exist much more than 
25.000 houses worldwide (2010) [8]. Other new house concepts include parts of a passive standard with further 
improved heating techniques. Another house concept with focus on thermal energy is the solar house (also known as 
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solar active house) where a combination of large solar thermal collectors with a big thermal storage is used for 
getting high solar fraction rates (> 50 %). Normally the remaining leak of thermal energy is supplied by a fireplace. 
The current stock of solar houses in Germany is approx. 1800 (10.2015) with a slightly increasing market [1, 9, 10].  
Further house concepts exist, e.g. as “Plus energy house” and “efficiency house plus”, with the focus on electric 
energy using photovoltaics (PV). The concept is based on a maximum output of electrical energy by photovoltaic so 
that the total yearly primary energy balance (in-/output) is negative (more output) [11]. This concept is controversial 
discussed [12] due to the annual balancing of primary energy with a big stress for the power grid during summer 
(high amount of electricity-input from PV) and winter (high amount of electricity purchase caused by heating 
devices).    
In the literature there exists a big leakage on detailed scientific measurement data to proof the efficiency of new 
house concepts under real user behaviors. A search for monitoring data gives only few partly incomplete results, e.g. 
for solar houses [13, 14] and plus energy houses [15, 16]. Certainly further heating and cooling technologies exist 
for house concepts as mentioned in [6, 17, 18], which will be not the focus of this paper. Nevertheless for combined 
solar systems (thermal and electric) with integrated big storages in single family houses no database exists, so far. 
Parts of this leak shall be closed with an extensive monitoring of the two energy-autonomous houses (EAH) with 
different user behavior [19, 20]. 
2.1. Details of the house concept 
The main building properties of the energy autonomous house concept are given in table 1. Thereby the demand 
in heating and electricity were planned for Germany and should be adapted for other regional weather conditions. 
The low total electrical energy demand (~2000 kWh/year) has to be pointed out as one important fact for the whole 
autonomous house concept. For the energy supply a roof integrated solar thermal collector of 46 m², a water cooled 
fireplace (25 kW) and photovoltaic-panels of 8.4 kWp are installed. Due to the temporal offset between energy gain 
and consumption a thermal storage tank (9.12 m³), a storage battery (58 kWh) and an electric powered vehicle 
(electro mobility) are integrated. Hence a high solar fraction for thermal energy of ~ 65 % (eq. (3)) and for electrical 
energy of ~ 100% (eq. (7)) was planned, see also [1, 19, 20].  
 
Table 1: Building properties of realized houses with autonomous energy supply (location: N 13,34271° E 50,90166°; *… planned) 
 
 
 
 
 
 
 
 
 
 
 
The characteristic user behaviors are based on the different utilization concept of both houses. One house is used 
as single family house, where two children and three adults are living. Therein an additional office as a separated 
part of the attic (~ 6 m²) is in use but is not included in the effective area in Tab. 1 and will not be considered, 
further. Both houses are equipped with underfloor heating cycles and one additional wall heating cycle. One special 
feature of the single family house is an integrated geothermal ceiling cooling system for warm periods during 
summer to avoid overheating. A geothermal borehole heat exchanger (double-U-tube) is used as heat sink. The 
second house is equipped in a similar manner except the ceiling cooling but with a ventilation system with heat 
recovery. Further it is used as an office house with 2-4 working people from Monday to Friday [19, 20].  
H
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Living area / effective area / heated house-volume 162 m² / 191 m² / 644 m³ 
Area of solar thermal- / PV –collector / roof pitch 46 m² / 58 m² / 45° (south) 
Volume of heat storage tank/ storage battery 9.12 m³ / 58 kWh 
Windows (triple glazed): area / U-Value ~ 49 m² / ~ 0.6 - 0.8 W/m²K 
Walls (monolithic bricks with plaster): area / U-Value ~ 169 m² / 0.18 W/m²K 
Annual electrical energy consumption* ~ 2000 kWh/a 
Annual  primary energy consumption*   7 kWh/m²a 
Annual demand in thermal heat*   41.4 kWh/m²a 
 Thomas Storch et al. /  Energy Procedia  91 ( 2016 )  876 – 886 879
 
2.2. Details of the monitoring concept 
For monitoring both houses are equipped with a high amount of sensors and meters to enable detailed balances of 
electrical and thermal energy as well as the thermal comfort. The measuring system consists of ~190 measurement 
sensors / devices in each house (for heat and electricity, humidity, temperatures, solar radiation, air pressure, etc.), 
see also [20]. The read out time cycles differs, due to the importance of information: 
x every 30 s: the main electric meters (in-/output: house, storage battery)  
x every 1 min: sensors and parameters of heating control (e.g. five PT500 sensors in thermal storage) 
x every 5 min: the other electric meters, meters for weather conditions, information of battery storage (e.g. 
state of charge, voltage) and island network 
x every 15 min: heat meters, water meter, sensors for humidity and temperature. 
The data are transferred to a server and parsed concerning failures and problems. Further all data is feed in a 
database application where it is stored separately for subsequent evaluations.  
2.3. Key figures for houses with renewables 
Several key figures for houses exist whereof the annual primary energy consumption and the annual heating 
demand per effective area (AN, [21]) are important ones, first for house planners and owners and second to compare 
different house concepts. Three important key figures are the total global irradiation on a horizontal plane (G), the 
number of heating days (HD, eq. (1)) and the degree days (DD, eq. (2)) with an indoor temperature and a daily mean 
outdoor temperature (heating limit, aT ) of 20°C and 15°C, respectively. These key figures are weather-dependent 
and site-specific and can be used to make different house sites comparable. 
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Typical energy key figures for houses with renewables are the solar fraction or ratio of autarky (thermal, eq. (3) 
and electrical, eq. (4)), the self-consumption of electricity (SC, eq. (5)) of a house compared to the yields and the 
solar utilization ratio (UR, thermal/electrical, eq. (6)) to compare the effectiveness of the installed solar technique. In 
comparison to [14] eq. (3) is a different approach due to more realistic conditions. Therein all heat losses of the 
system (e.g. storage, etc.) and house itself are integrated.  
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Further possible interesting key figures are ratios between installed technique equipment (e.g. volume of thermal 
storage, annual heating demand, annual primary energy demand / consumption [23], annual yield in electricity/ 
thermal energy) referred to defined areas (e.g. collector area, living/effective area) or defined volumes. 
880   Thomas Storch et al. /  Energy Procedia  91 ( 2016 )  876 – 886 
 
3. Results and Discussion 
For a detailed consideration of the investigated house concept with high thermal and electrical self-sufficiency 
the weather conditions especially in winter time have a big influence on the reachability of the energy autonomy. 
This seasonal caused bottleneck is explainable with the differences in radiation, wherefore the concept of the 
house’s energy supply was planned for winter times with the long term mean values for radiation and temperature 
from the house location. In the following the results of measurement data are presented for two different periods 
(Jan 14 – Dec 14; Jun 14 – May 15) due to a better visualization. 
3.1. Weather conditions 
In Tab. 2 the mean and total measured values and derivate key numbers for the location of Freiberg/Germany are 
presented and partly compared with long term mean values for a reference site (Chemnitz) from the German 
Meteorological Service. The comparison with long term values shows on the one hand a significant reduction of 
solar radiation (-24% til -38%) for Jan. and Dec. 2014 and Jan. 2015. During the winter period such a high reduction 
in solar radiation has a big effect on thermal and electrical yields. On the other hand the measured mean temperature 
was higher than the long term reference temperature for 16 of the considered 18 months. This could have an effect 
on the heating demand.  
 
Table 2: Weather conditions and key figures for Freiberg (Germany) with deviation of long term values (ǻTm, ǻG ) of reference site (Chemnitz). 
2014 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  
tm / °C 1.3 3.9 7.1 11.0 12.3 16.6 20.1 16.8 14.9 11.8 6.5 1.7 --- 
ǻTm / K 1.6 3.7 3.5 3.0 -0.4 1.3 2.5 -0.7 1.5 2.7 2.6 1.1 1.9 
HD /d 31 28 30 28 24 16 2 13 16 26 30 31 275 
DD / Kd 579 455 396 263 232 102 11 81 122 236 408 570 3454 
G / kWh/m² 21 48 86 118 129 162 159 126 72 61 28 12 1022 
ǻG / % -24.1 5.6 6.9 -0.7 -17.5 2.0 -2.0 -12.2 -21.6 2.7 -1.3 -37.6 --- 
 
2015 Jan Feb Mar Apr May Jun 
tm / °C 1.6 0.5 4.8 8.0 13.2 16.0 
ǻTm / K 1.9 0.3 1.2 0.0 0.5 0.7 
HD /d 31 28 31 27 24 14 
DD / Kd 571 545 473 344 188 104 
G / kWh/m² 19 49 76 129 157 147 
ǻG / % -35.7 8.6 -5.3 8.3 0.7 -7.7 
3.2. Characteristic heat energy flow 
Similar to the high number of possible key figures different margins exist for balancing the thermal energy, e.g. 
storage tank or complete house. Dependent of the investigation focus both margins are used in the following. 
3.2.1. Thermal energy balance of the houses 
 
Based on the different user behavior as investigated here different heating demands is expected, too. At a first 
view Fig. 1 doesn’t show a big difference between the two monitored houses for the presented heat consumers in 
2014. The main distinctions are the consumption of hot water and the calculated overall heat losses (storage / house 
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equipment). For Fig.1 it is to mention that the calculated overall heat losses (storage and system) were corrected to 
higher total losses (mainly during warm period) compared to [20]. This revision is based on an improved approach 
of the state of charge (storage) and an annual in- / output balance. The hot water consumption in the single family 
house (SFH) is about 4.3 times higher and the heat loss is about 1.3 times higher than in the office house (OH). The 
higher amount in thermal energy for water heating is easily explainable with the different user behavior (e.g. no use 
of shower in the OH). The differences in total heat losses could not be ascribed so easily. One possible explanation 
is that the heat recovery ventilation system in the office house reduces the amount in heat losses through natural 
ventilation via the windows. Although the measured annual mean room temperatures of both houses differ, so the 
SFH had lower temperatures for the ground (0.6 K) and the upper floor (1.1 K) then the OH in 2014.  
Fig. 1: Determined thermal energy demand of the two houses in 2014 (for heat recovery: partly data from 2015 used due to incomplete data)  
The demand in floor heating and heat emissions from the fireplaces to the houses are similar for 2014. The latter 
one is calculated with the knowledge of wood input (wood species, weight of wood, wood humidity, calorific value) 
and mean values from separate exhaust gas measurements. These measurements showed approx. 9 % lower heat 
losses through the chimney for the office house (OH) when compared to the single family house (SFH). Thus a 
higher amount of heat is emitted to the house itself. Nevertheless a non-determinable uncertainty remains. In total a 
volume of wood of ~3.55 m³ (SFH: softwood = 0.85 m³; hardwood = 2.7 m³) and ~2.71 m³ (OH: total energy 
input = ~ -23%; softwood = 0.24 m³; hardwood = 2.47 m³) was needed for heating purposes. This results in low 
annual primary energy consumption (wood; factor Germany = 0.2) of ~6.2 kWh/m²a (SFH) and ~4.9 kWh/m²a (OH). 
The heating demand for the outside positioned batterybox is low and currently in a test mode, first to reduce 
battery capacity losses at low temperatures during winter time and second to prolong the battery-lifetime.  
The demand in heating (without heat losses, hot water, batterybox) is about 46.6 kWh/m²a (SFH) and 46.4 
kWh/m²a (OH) which means an increase concerning the planning data of about 14 %. One reason for this increase is 
a higher annual mean room / house temperature of about 22°C (SFH) and 22.9°C (OH) than used for planning [21]. 
Further the use of the separated part of the attic as additional office with an additional heating cycle increases the 
heating demand of the single family house. 
 
Fig. 2 presents the monthly balance of thermal energy input and consumption without the calculated heat losses 
and gains from the house to the environment for the single family house (SHF). The curve shape of the solar thermal 
yields shows a decrease in April and May, which results from an almost heated up thermal storage tank at the end of 
April in spring time. This corresponds very well to literature findings [14], see also Fig. 4 in section 3.2.2. Due to 
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the loaded thermal storage tank the solar gains remain nearly stable on a lower level until the end of summer time. 
Thus the solar fraction for thermal energy is about 100 % between Mar. til Oct. For the other months (Jan. til Feb., 
Nov. til Dec.) the water cooled fireplace was necessary mainly to provide hot water. Hence the solar fraction 
decreases and results in an annual fsol, th of 71.7 % (SFH) and 71.4 % (OH) in 2014, eq. (3) [20]. Thereby it has to be 
mentioned that the heat input from the fireplace to the house by radiation isn’t negligible. The SFH showed 29 % 
higher solar thermal gains then the OH, which is directly connected with the lower storage temperature in SFH due 
to the higher hot water demand.  
Fig. 2: Monthly thermal energy balance of the single family house for 2014, left bars = yield of thermal energy, right bars = consumption of 
thermal energy, * = sum of the year in 101 kWh, ** = heat from fireplace to thermal storage tank, *** = heat from fireplace to the room / house 
3.2.2. Thermal storage 
 
One advantage of thermal hot water storages is to store thermal energy at several temperature levels by a defined 
thermal stratification which depends on the installed hydraulic system. For large thermal storages as used in solar 
houses the different seasonal thermal gains and consumes lead to different temperature gradients between the top 
and bottom of storage tank, see Fig. 3 for the energy autonomous houses. Between spring and autumn the office 
house shows little higher temperature differences due to a lower amount of hot water usage. During May and Oct. 
the temperature difference inside the storages is low (13 K til 18 K, except three points) caused by the high state of 
charges of the thermal storage, see Fig. 4. With decreasing total monthly solar irradiation below ~ 60 kWh/m² the 
temperature difference rises rapidly to 23 K til 28 K. So the thermal storage is only heated up in the higher parts by 
solar gains and the fireplace.  
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Fig. 3: Monthly averaged temperature difference between top (pos. 5,53 m) and bottom (pos. 0,46 m) of the thermal storage (height = 6,2 m) of 
the two houses in comparison to the global radiation for 2014 to 2015. 
Fig. 4: Calculated averaged daily state of charge of the thermal storages from the two houses in comparison to a 7-days average of the total daily 
radiation  
Compared to [13, 14] four characteristic periods exist for the state of charge (SOC) in big thermal storages 
installed in solar houses. Starting with period 1 with a high SOC (ш 70 %) in autumn it decreases rapidly ((A) in 
Fig.4) first due to the increase in heat demand during the heating period and second due to a lower deviation of a 
total daily radiation (for the EAH’s here a 7-days moving averaged) of approx. 1500 Wh/m²d, (B) in Fig.4. Under 
these conditions of low radiation it lasts approx. two to three weeks for the EAH until a low level of charge is 
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reached, where auxiliary heating by the fireplace is necessary to reach the minimum required hot water temperature 
(begin of phase 2; (C) in Fig.4). However the low solar gains in winter are also important to reduce the auxiliary 
heating. This phase 2 lasts until total daily radiation exceeds the critical value for charging the storage tank 
verifiable. During turn of the year a significant further decrease of the storage charge (points (D) in Fig. 4) is visible 
which results from very low solar gains and no auxiliary heating during the absence of the owners. Thereby the 
heating system consumes further thermal energy to ensure a nearly constant house temperature. But with that low 
SOC of ~15 % there wasn’t enough stored thermal energy available, wherefore the min. and mean house 
temperatures dropped (tmin,SFH ~ 11.7°C; tmin,OH ~ 12.4°C) during nearly 10 days without auxiliary heating. 
Afterwards the owners used the fireplace to heat up storage and house, (E) in Fig.4. With increasing irradiation at 
the end of winter the storage became loaded, wherefore the SOC increases rapidly (period 3, (F) in Fig. 4) up to 
nearly the maximum over a few weeks. Subsequently the storage keeps on a high level of charge (period 4) during 
summer season with high irradiation, while the solar gains are regressive due to the high SOC. 
Fig. 5: Monthly runtime of the solar pumps from the two houses for 2014 to 2015 
The solar gains can also be assumed by analysis of the runtime of the solar circulation pump (without cooling 
during summer), see Fig. 5. Therein first the low solar gains in Dec til Jan are indirect well comprehensible and 
second the lower demand in thermal energy (hot water) of the office house leads to lower solar gains and pump 
runtimes (-11 % til -31 %). This results in various utilization ratios of the irradiation with UR sol, th ~ 23.4 % (SFH) 
and ~ 18.0 % (OH). 
3.3. Electrical energy balance of the houses 
Despite of the low irradiation in Jan and Dec 2014 (Tab.1) in combination with particular temporary technical 
failures of the inverters a solar fraction f sol, el of 92.1 % (SFH) and 91.8 % (OH) was achieved in 2014, eq. (4). 
Thereby self-consumption (eq. (5)) and utilization ratios (eq. (6)) of SC sol, el ~ 35.7 % (31.8 %) and 
UR sol, el ~ 13.8 % (14.0 %) were reached for SFH (OH). Further the planned low annual total electrical energy 
demand, as one main goal to reach autarky, was obtained with about ~2120 kWh/a (SFH) and ~2010 kWh/a (OH). 
As important the thermal storage is for the heating cycle, so important is the battery storage for the electricity 
cycle and the concept of autonomy. In Fig. 6 the state of charge of the lead-gel-battery (from SFH) is shown in high 
resolution of measured data in 2014. From the middle of Feb. until middle of Nov. the SOC doesn’t show any 
critical values. The latter ones mean that e.g. the capacity and lifetime (number of cycles) decrease under such 
conditions. Thereby these values depend on several boundary conditions, like the battery type, the outside 
temperature, the temperature of battery itself and the power in/output.  
For the batteries used in the house system a minimum of SOC between 20-25% was defined. Upon there the 
battery will be charged from the grid to avoid such a decrease in lifetime/capacity. During summer time the battery 
is found to be nearly fully charged between 9:00 am and 6:00 pm. The lowest SOC is between 4 to 6 am, as 
expected. Due to the long term low radiation conditions from the middle of Jan – Feb and Nov – Dec below 
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1000 Wh/m²d and a daily overall averaged house consumption of about 6 kWh the critical values (red) were reached 
and the battery was charged from the grid. In February further some snow was on the panels wherefore no electrical 
yields were possible and the critical values were reached. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: Colorplot of state of charge of the battery storage (single family house) with 5min-data resolution for 2014 
4. Summary and Outlook 
Two utilized single family houses in Germany with a new house concept based on energy autonomy with usage 
of renewables were intensively monitored for over 1 ½ years. The evaluated solar fractions fsol, th =71.7% (SFH) and 
71.4 % (OH) showed only small differences between the two variants of user behavior. Nevertheless the heating 
demand for e.g. hot water differed by a factor of 4.3. This had considerably influences on the auxiliary heating 
demand (~ +31 % more wood needed) and on solar gains (~ +29 %). Further the thermal storage showed the four 
typical periods of state of charge (SOC), as described in [14, 15], where a direct relation to irradiation was proved. 
For this house concept and heating demand the critical range of daily irradiation is between about 1500 and 
2000 Wh/m². Below 1500 Wh/m²d the SOC of thermal storage decreases rapidly to a minimum and above 
2000 Wh/m²d the SOC increases. Further the planned low electricity consumption of approx. 2000 kWh/year could 
nearly be achieved, whereby a high self-consumption rate of electric energy gains of ш 31.8 % were assumed. 
Thereby with fsol, el ш 91.8 % no 100 % autonomy in electricity was reached in 2014 due to an unusual low 
irradiation in Jan. and Dec. 2014 (-24 % / -37 % compared to long term values). Nevertheless the low consumptions 
can enable autonomy in electrical energy. For further reliable results the monitoring is going on with additional 
focus on increasing self-consumption and investigations to theoretical overheating houses with big thermal storages 
during summer time. 
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